Abstract: Understanding the structural, geometrical and chemical changes that occur after electronic excitation is essential to unraveling the inherent physical and chemical mechanisms of nitro explosives. In this work, the relaxed structure of some typical nitro explosives in the excited state, including RDX, HMX, CL-20, PETN and LLM-105, have been investigated by timedependent density functional theory. During the excitation process, an electron is vertically excited into a low-lying excited state, imparting π-antibonding character onto the nitro group. The nitro group becomes activated by the excitation energy and then relaxes via vibrational cooling, leading to a relaxed excited-state structure. All five nitro explosives exhibit similar behavior in which impact sensitivity is related to the excitation energy of the relaxed structure. Insight into the relaxed structure of typical nitro explosives offers an efficient method of unraveling ultrafast and complex photo-initiated reactions and detonation physics.
Introduction
Electronic excitation and electron transfer processes play important roles in photo-initiated reactions 1 . In addition, excited states have also been recognized as having vital roles in the conversion of energy in energetic materials (EMs) 2 that include fuels and explosives used widely in many fields. The substantial amounts of chemical energy stored by EMs can be released under extreme conditions, such as exposure to photons, shock, or rapid heating; however, problems associated with safety, reliability, and range of applications, limit the use of the energy conversion features of EMs. In addition, the excitation processes of these materials, at the molecular level, are largely unknown. Exploring the structural, geometrical and chemical changes after electronic excitation is essential to unraveling the inherent physical and chemical mechanisms, which is also useful for understanding their ultrafast and complex detonation physics 3 .
Until now, the majority of EMs have been nitro explosives 2c, 4 . The nitro group is the most important functional group in nitro explosive, which has been established to evaluate molecular stability, impact sensitivity, and nitrating reaction 4c, 5 . It is known that the π-antibonding orbital of the nitro group (NO 2 π * orbital) is a large, conjugated and unoccupied orbital of relatively low energy.
During excitation processes, an electron is promoted into low-lying unoccupied molecular orbitals, mainly the NO 2 π * orbital for nitro-containing species. Hence, the introduction of a nitro group into a molecule significantly affects its photo-physical behavior 6 . In addition, the relaxation process of 1, 3, 4, in the excited state has been demonstrated to rely on its NO 2 π * orbitals 7 , which offers new insight into its ultrafast and complex nature. As part of our continuing work, we have studied the relaxed structure of some typical nitro explosives. From a practical perspective, understanding the sensitivity of energetic materials also serves to improve reliability and safety, which has been an area of research focus. Predicting the impact sensitivities of different classes of energetic materials has attracted a large amount of experimental and theoretical attention. A number of theoretical methods, such as the principle of the easiest transition (PET) method 8 and the nitro group charge method (NGCM) 4c , have been established to assess the sensitivity. Most of these methods show that there is correlation between molecular properties and sensitivity. However, establishing sensitivity on the basis of excitation energy of relaxed structures offers an alternative means of predicting the sensitivity that may be more widely applicable.
In this work, we present an investigation into the excitation and relaxation processes of some typical nitro explosives, including RDX, HMX, CL-20, PETN and LLM-105, using quantum chemical calculations. Electrons are vertically excited to the low-lying excited states from the corresponding ground state, which leads to the population of the N-NO 2 π * orbital during the excitation process. The excited molecule then relaxes through vibrational cooling of the active nitro group. The excitation energy of the relaxed structure is then calculated and the relationship with the impact sensitivity established. This study advances our understanding of photo-initiated reactions and EM ignition.
Quantum chemical calculation methods
Time-dependent density functional theory (TD-DFT) is a moderate and reliable method for excited-state calculations that has been utilized in many papers 9 . Although the TD-DFT method is not as accurate as multi-configuration methods such as the complete-active-space self-consistent field (CASSCF) method, it was utilized for the following reasons. Firstly, it is suitable for large molecules and is inexpensive compared to the CASSCF method; and secondly, reliable results can be obtained for related states of molecules
10
. In the end, representative results were obtained in this work by calculations at this level. Herein, TD-DFT was employed to study the excitation and relaxation processes of five typical nitro explosives: RDX (1, 3,5-trinitro-1,3,5-triazacyclohexane) , HMX (1, 3, 5, 3, 5, , 4, 6, 8, 10, , PETN (pentaerythritol tetranitrate), and LLM-105 (1-oxide-2,6-diamino-3,5-dinitropyrazine) 4c . The structures of the ground state (S 0 state) and the first singlet excited-state (S 1 state) were optimized by TD-DFT methods at the B3LYP/6-311++g(d,p) level. Vertical excitation energies were calculated at the same level, as were the Kohn-Sham orbitals, orbital energies, and excitation energies. All calculations were performed using Gaussian 09 software 11 . Molecular information, orbitals, electron distributions and electronic excitation analyses were obtained wave function analyzer (Multi-wfn) 12 . The highest occupied molecular orbitals (HOMOs) are labeled from HOMO-5 to HOMO-1, in increasing orbital energy, while the lowest-unoccupied molecular orbitals (LUMOs) are labeled from LUMO+1 to LUMO+4.
Results
The initial geometrical structures, orbitals, electron and hole distributions of the five nitro explosives are presented in Figures 1-5 . The relaxed structures of the lowest excited states (the S 1 states) are shown together with the initial structures (the S 0 states), for comparison. The molecular orbitals and excitation energies of the relaxed structures are also presented, and are used to explore the relationship with impact sensitivity.
RDX
In the ground state, the RDX molecule (RDX 0 ) possesses C 3V symmetry 4a, 4c, 13 . The structure of RDX 0 , optimized at the B3LYP/6-311++G(d,p) level of theory, is shown in Fig.1 . The vertical excitation and optical absorption processes of RDX have been studied previously [34] . Herein, we briefly discuss the orbital energies and electron distributions of the frontier orbitals to illustrate the application of this work. The high-lying HOMOs correspond to the lone pairs (n orbitals) that are mainly located on O atoms. As shown in to the hole and the excited electron associated with this transition are both displayed in Fig. 1 . The excitation process involves a major contribution from LUMO+1, which means that the excitation energy is transferred into the nitro groups and activates them. The relaxation process of RDX 0 in the S 1 state (the S 1 state following vertical excitation of the RDX 0 structure) proceeds via the nuclear motions of the active nitro groups, which become elongated due to the antibonding nature of the N-NO 2 π * orbital. This structure was optimized to afford RDX 1 , the relaxed first-excited singlet state of RDX, which exhibits two elongated bonds, N(7)-O (12) and N(7)-O(13), at 1.294 and 1.296 Å, 0.073 and 0.076 Å longer than the analogous bonds in RDX 0 , respectively. In addition, the N(4)-N(7) bond was also found to be slightly elongated, from 1.431 Å in RDX 0 to 1.440 Å in RDX 1 . The electron in the LUMO+1 orbital is distributed mostly in the N-NO 2 π * orbital of one nitro group. The orbital energy of LUMO+1 is reduced by 1.67 eV, compared to that of RDX 0 , while the energies of the other LUMOs are largely unaltered. The observed structural relaxation is assigned to the vibrational cooling of the nitro group. The electrons in HOMO-1 of RDX 1 are mainly distributed as the lone pairs on O(12) and O(13). The elongation of the two N(7)-O(12,13) bonds of RDX 1 , when transposed to the S 0 state, increases the energy of RDX 0 by 1.86 eV ( Table 2 ). The orbital energy of HOMO-1 increases to -7.97 eV in RDX 1 , which is 0.93 eV higher than that of HOMO-2. Under these circumstances, the low-lying electronic excitation of RDX 1 involves major contributions from the HOMO-1 LUMO+1 pair. The orbitals involved in the transition, which correspond to the excited electron and the hole, overlap with each other in the relaxed nitro group. As a consequence, this transition is attributed to local excitation and the excitation energy for this transition is calculated to be 1.53 eV, much lower than that of RDX 0 . Consequently, the local excitation of RDX 1 exhibits an optical absorption band at 800 nm, as shown in in Fig. 6 , which is different from that of RDX 0 . (16, 17) bonds in PETN 1 , by 0.078 and 0.070Å. As a consequence of structural relaxation, the energies of HMX 1 , CL-20 1 and PETN 1 in the S 1 state are reduced by 1.09, 1.13 and 1.34 eV over the initial, vertically excited, S 0 structures, respectively. The relaxation processes can, one again, be attributed to vibrational cooling of the relevant nitro groups. Following cooling, the electron distributions and excitation energies are transferred into the relaxed nitro groups, in particular, the LUMO+1 orbitals of the relaxed structures.
On has an energy of -3.74 eV, which is 0.64 eV lower than that of LUMO+2. The low-lying excited state involves a major contribution from the HOMO-1LUMO+1 transition dipole moment. The excitation process can be assigned to be a charge transfer process, as shown by the electron and hole orbitals that correspond to this transition. The excitation energy is distributed equally over the two NO 2 groups. The relaxation process of excited LLM-105 0 proceeds via vibrational cooling of the two nitro groups, owing to the large N-NO 2 π * contribution to LUMO+1. The major differences involve positions that are elongated after relaxation. The excitation energy of LLM-105 1 is calculated to be 2.41 eV, which is much higher than that of the four explosives discussed above. Excitation of LLM-105 1 leads to a new absorption band in the optical absorption spectrum in Fig. 6 , which is different to that of LLM-105 0 .
Relationship between excitation energy and impact sensitivity
The low-lying excited states of the relaxed structures involve major contribution from HOMO-1  LUMO+1 pairs. The (transition) hole and electron orbitals overlap with each other in the relaxed nitro groups of RDX 1 , HMX 1 , CL-20 1 and PETN 1 . These transitions are attributed to local excitations, with low excitation energies. This indicates that the electronic excitations of the relaxed structures are Franck-Condon accessible from the S 0 states. The excitation energies (EEs) of the relaxed structures are 1.53, 1.60, 1.63 and 1.52 eV for RDX 1 , HMX 1 , CL-20 1 and PETN 1 , respectively. The excitation energy of LLM-105 1 was determined to be 2.41 eV, higher than the four other explosives in this study, but lower than the value of 3.02 eV for TATB. These excitation energies are consistent with the impact sensitivities of these molecules (below). The excitation energy of an explosive is recognized to be an important factor in assessing the transition probability of electronic excitation to a low-lying excited state. In this sense, we propose that the excitation energy (EE) of the relaxed excited (S 1 ) structure is related to its impact sensitivity (H 50 ) 4c . Fig. 7 shows the relationship between EE and ln(H 50 ) of the explosives in this study; the following linear relationship is evident from Fig 7: This relationship is a positive correlation and fitted with the expression very well. It indicates that the excitation energy (EE) is a good indicator of impact sensitivity.
Discussion
The excitation and relaxation processes for five typical nitro explosives are presented above. All explosives were shown to perform in similar ways and each molecule exhibits an inherent relationship between excitation energy and impact sensitivity. It is of particular importance to discuss the insight provided by this information into the inherent excitation/de-excitation mechanisms of these nitro-based explosives.
Photo-physical behavior of nitro explosives
The nitro group exhibits special behavior owing to its electronic structure 4b, 6b, 6c, 6e, 6f, 10a . The large conjugated NO 2 π* orbital has been shown to be an energy pitfall for nitro explosives 6b, 6c, 6e-g . In this work, the electron is promoted to the NO 2 π* orbital upon excitation; this excitation energy is then trapped by active nitro groups that relax via vibrational cooling, leading to a relaxed structure. The relaxation process can be investigated by transient absorption spectroscopy 1e, 6h and coherent anti-Stokes Raman spectroscopy 16 . The excited state dynamics of TATB shows one absorption peak at 600nm disappears and another peak shifts from 470 to 450nm, which indicates electron transfer into an activated nitro group. The process happens in a time scale of 0.64 ps. The Raman spectra show a clear vibrational cooling dynamics of CH 3 NO 2 , while the authors suggest the phenomena is attributed to NO 2 moiety 16 . This motion also favors ultrafast intersystem crossing to the triplet state of these nitro-substituted species 6b, 6c, 6e-h, 7, 10, 17 . There is a distinct absorption band for triplet state of 2,2',4,4',6,6'-hexanitrostilbene (HNS), which is primarily populated from the minimal intersystem crossing of the S 1 state in 6 ps. It is pointed out that the decomposition process of RDX in the excited state should be faster than 180 fs in the gas phase, while the relatively longer time of vibrational cooling dynamics in the excited state is ascribed to the viscosity of solvent. In addition, new bands appear in the visible region of the steady-state absorption spectra of these relaxed structures. These new bands also correspond to experimentally radiative emission bands. With regard to the low fluorescence quantum yields, it is unfortunate that, to the best of our knowledge, there are no reports on the fluorescence bands of these explosives. But it is noticed that the absorption peaks of RDX is close to the absorption spectra via shock loading RDX, which show a broad and featureless band in the visible spectral region around 800nm 18 . And emission spectra from shock-induced RDX experiments show emission bands at 800nm under high pressure 19 . It indicates that the new bands are facilitate the excitation/de-excitation transition, when the nitro explosive under extreme condition, as discussed in latter section.
The relaxed structure and its relationship to sensitivity
The re-investigation of the relaxed structures of nitro explosives in their ground states is essential. The elongation of the N-O bonds in the relaxed structures lead to electron transfer into nitro groups, in particular the O n states of RDX, HMX, CL-20 and PETN; it also leads to obvious increase in energy of ~2eV in the ground state. To support the viewpoint, the intramolecular vibrational redistribution show that the electron transfer and energy concentration into N-O bond of RDX under multi-photon up-pumping condition, which have been observed by multiplex coherent anti-Stokes Raman spectroscopy 20 . In this sense, the energy gap between HOMO-1 and LUMO+1 is distinctly reduced as a result of this elongation. In addition, the orbitals corresponding to the excited electron and remaining hole strongly overlap, facilitating electronic transition. Consequently, the excitation energy decreases, resulting in a corresponding, significant, rise in transition probability. Under certain conditions, a large quantity of molecular explosives can be efficiently excited, leading to the induction of ultrafast reactions in the excited states. In this sense, the excitation process of initial structure involves first vibrational excitation to a relaxed structure in the ground state, and then electronically excite to the excited state.
If an explosive crystal is exposed to external stimuli, the nitro groups may elongate and lead to the relaxed structure, as predicted above. Consequently, electronic excitation to low-lying excited states occurs efficiently, inducing ultrafast reactions on the excited state potential surface, resulting in further ignition and detonation of the nitro explosive. The decomposition on an unstable potential energy surface can result in a rapid dissociation of a molecule and a consequent chain reaction. It is known that decomposition process following the excitation undergo conical intersections, nitronitrite isomerization, and finally transfer the excitation to the ground state vibration in a time scale of 100fs. The photo-initiated decomposition process have been studied via ultrafast mass spectroscopy and theoretical calculations 2c . The electronic excitation of relaxed structure is similar to that of photo-initiated excitation, but the latter is direct excitation to vibrational manifold of the excited states. The excitation energy of direct excitation is much larger than that of the relaxed structure. Hence it is impossible for the transition of the initial structure without external stimuli, while probable for relaxed structure. It can be deduced that the excitation energy of the relaxed structure is sensitive to the critical point of excitation, when the molecular nitro explosive is under external stimuli. The perspective is underpinned by the relationship between the excitation energy and impact sensitivity determined in this work. It is known that shock and fast heating of nitro explosives initially funnels energy into the nitro groups of their ground state structures. A study on charge transfer in HMX and TATB under high temperatures and pressures, by molecular simulation, has been reported 5 . From the distributions of the frontier orbitals of HMX, the HMX molecule, at high temperature, undergoes electron transfer into a nitro group. The energy gap is also reduced as a result of this electron transfer. This phenomenon serves as evidence for the explanation provided in this work. The absorption and emission spectra from shock-induced RDX experiments show absorption and emission bands under high pressure [18] [19] . The bands are close in wavelength to the absorption bands of the relaxed structures calculated in this work. This indicates that relaxed structures play vital roles in shockinduced spectroscopies. Furthermore, the transition probability of the initial structure could be assumed to contain two parts. The first part is the probability assigned to the initial structure into relaxed structure under external stimuli. The other part that is dominant, is transition probability of the relaxed structure into the excited state. The latter one could be calculated via the electronic transition probability following Fermi's Golden rule. With the certain transition probability of the relaxed structure, it is possible to assess the first part of the probability and predict sensitivities under various structural conditions, such those found in shear bands, gained boundaries, clusters, weakly bonded nitro groups, among others 4c . Nevertheless, other characteristics also influence impact sensitivity, such as crystal, surface and interfacial structures, among others. Further consideration of these other factors should will be involved in future work.
Comparisons with PET and NGCM
In this work, the excitation energies of the relaxed structures of six typical nitro explosives were shown to be consistent with the impact sensitivities of these explosives. Establishing an understanding of the underlying principles that govern this relationship relies on an investigation of excited state dynamics and electron transfer processes 7 . This provides a novel and efficient method for potentially unraveling the essence of energetic materials. The method used in this work somewhat resemble PET 8 and NGCM 4c . However, PET relies on the band gap of the initial structure. It is clear that PET is suitable for crystalline phases of nitro explosives, but is limited to similar structures or similar thermal decomposition mechanisms. It is recognized that the transition of the initial structure is direct excitation following Fermi's Golden rule, while the excitation energy is several eVs and the probability is very low. The method in this work suggests that the excitation could be assumed to contain two parts, in which the relaxed structure performs as an intermediate for the explanation. For similar structures, the excitation energy of the relaxed structure may be the same, while the energy to the relaxed structure is different. For different structures, the excitation energy of the relaxed structure is different and related to its impact sensitivity. Thus, the method in this work may be applicable to more structures if the band gaps of the relaxed structures are calculated. It still needs much more work to verify this assumption. The method used in this work is clearly different from NGCM 4c as they are based on different principles. The method in this work uses excited states, which are recognized as being important in the inherent detonation mechanism. The excited-state dynamics has been unraveled by ultrafast pump-probe techniques and quantum chemical calculations. NCGM is based on Pauling electronegativities, which are only applicable to molecules in their ground states. In addition, the excitation energy method takes into consideration much more information about the energetic material, such as initial structure, excited-state relaxed structure, Kohn-Sham orbitals, electronic excitation, oscillator strength transition, and the relaxation process. The electronic excitation and relaxation process, and the overlap of the hole and excited-electron orbitals can be clearly visualized. The method is much more complex than NCGM, but is credible. In the end, the method described in this work is not only suitable to nitro explosives, but is also potentially applicable to other energetic materials and cases under extreme conditions, while NGCM is limited to charges on nitro groups.
4.4 Implications for other energetic materials As discussed above, the electronic structure of the nitro group is important to nitro explosives 2c, 4c, 6h, 7 . The large conjugated π * bond of the nitro group is an energy pitfall for nitro explosives 6b, 6c, 6e-g . The active nitro group, upon excitation, relaxes through vibrational cooling, leading to a relaxed structure. Electronic excitation and de-excitation transition probabilities are greatly increased as a result of the relaxed structure. We suggest in this work that these characteristics are crucial for nitro explosives. Whether or not similar characteristics exist in other energetic materials, such as metal azides 8 and energetic polynitrogen compounds 21 , among others, needs to be determined.
The excitation energy of relaxed structure is suggested to be related to its impact sensitivity. It is essential to calculate the excitation energy of relaxed structure of other energetic materials, which is supposed to be related to the impact sensitivity. Further theoretical work can shed light on these speculations.
Conclusions
In the work, the TD-DFT method has been used to investigate the excitation and relaxation of some nitro explosives, including RDX, HMX, CL20, PETN and LLM-105. The initial structures, Kohn-Sham orbitals, orbital energies, electron and hole distributions, relaxed structures, and excitation energies of the five explosives have been determined in order to understand the inherent excitation/de-excitation mechanism.
In the initial structures, the low-lying excitations of the five explosives involve major nπ * transitions. The excitation energy is transferred into the nitro groups, which relax through vibrational cooling following excitation, leading to relaxed, excited-state structures in which the N-O bonds of the nitro groups are elongated.
These relaxed structures are proposed to be important for nitro explosives. Firstly, the elongation of the N-O bonds in the nitro group of the relaxed structure leads to a decrease in the energy of the S 1 state, but this elongation corresponds to an increase in the energy of the S 0 state. Secondly, the electron is transferred into the relaxed nitro group through O n orbitals in the S 0 state, which overlaps with the NO 2 π* orbital of the S 1 state upon excitation. Hence, the accumulation of electron density in the nitro group tends to decrease the excitation energy while greatly increasing the transition probability.
The excitation energy is recognized as an important factor for assessing the transition probability of electronic excitations to the low-lying excited state. This work has shown that the excitation energy of the relaxed structure correlates with the impact sensitivity of the nitro compound through Equation 1. The establishment of this relationship relies on the investigation of excited state dynamics and electron transfer processes. This provides a novel and efficient method of potentially unraveling the essence of energetic materials. More effort needs to be devoted to establishing the existence of these characteristics in future work. Figure 6 . Steady-state absorption spectra of the relaxed structures of five nitro explosives, which shows new bands compared to those of the initial structures. Figure 7 . Relationship between impact sensitivity (H 50 , m) and the excitation energy (EE, eV) of the relaxed structures. Figure s2 . HOMO-1, HOMO-5 and LUMO+1 of initial structure (HMX 0 ), with electron (green) and hole (blue) distributions for the transition in the middle. Figure s3 . HOMO-1, HOMO-4 and LUMO+1 of initial structure (CL-20 0 ), with electron (green) and hole (blue) distributions for the transition in the middle. Figure s4 . HOMO-1, LUMO+1 and LUMO+4 of initial structure (PETN 0 ), with electron (green) and hole (blue) distributions for the transition in the middle. Figure s5 . Steady-state absorption spectra of the initial structure and relaxed structures of five nitro explosives. 
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